Objective: Chronic subclinical inflammation and regular physical activity have opposing relationships to obesity-related metabolic diseases. Yet, the association between chronic inflammation and physical activity has rarely been examined in obese subjects. We examined the association between physical activity energy expenditure (PAEE), total (TEE) and resting energy expenditure (REE) and cardiorespiratory fitness (VO 2 peak) with inflammatory markers in overweight/obese women. Design: Cross-sectional study. Methods: The study included 152 overweight/obese postmenopausal women who were sedentary and free of chronic/ inflammatory diseases (mean age: 57.5 (95% confidence interval (CI) 56.7-58.3) years, body mass index (BMI): 32.5 (95% CI 31.8-33.2) kg m À2 ). The following parameters were measured: TEE (doubly labeled water), REE (indirect calorimetry), PAEE (as (TEE Â 0.90)ÀREE), VO 2 peak (ergocycle) and serum high-sensitive C-reactive protein (hsCRP), haptoglobin, soluble tumor necrosis factor-a receptor 1 (sTNFR1), interleukin-6, orosomucoid and white blood cells. Results: Sedentary women with the highest tertile of PAEE (1276 (1233-1319) kcal day À1 ) had lower concentrations of hsCRP and haptoglobin than those in the lowest tertile (587 (553-621) kcal day À1 ) after adjustment for fat mass (Po0.05). Soluble TNFR1 was positively correlated with VO 2 peak, TEE and REE (Po0.05), and hsCRP and orosomucoid were positively associated with REE (Po0.01), whereas haptoglobin was negatively associated with PAEE (Po0.05). In stepwise regression analyses that examined the concomitant associations of components of energy expenditure with inflammatory markers, PAEE remained the only predictor of hsCRP and haptoglobin (Po0.05), explaining 14 and 5%, respectively, of their variation,whereas REE was the only predictor of orosomucoid (r 2 ¼ 0.05, P ¼ 0.02) after adjustment for fat mass. Adding leptin to the regression models results in similar relationships between inflammatory markers and components of energy expenditure. Conclusion: PAEE is an independent predictor of hsCRP and haptoglobin in sedentary overweight/obese postmenopausal women free of chronic disease. Our data support the role of physical activity in reducing subclinical inflammation and risk of metabolic and cardiovascular diseases.
Introduction
Obesity increases the risk of several metabolic diseases such as cardiovascular diseases (CVDs), type II diabetes (T2D) and hypertension, particularly after menopause in women. 1 Moreover, increased fat mass is also associated with systemic subclinical inflammation, 2 which in turn is associated with the development of T2D 3, 4 and CVD 5, 6 (for a review, see 7 ) . In prospective studies, plasma inflammatory markers such as white blood cells (WBCs), C-reactive protein (CRP), soluble tumor necrosis factor-a receptor 1 (sTNFR1), orosomucoid and haptoglobin were shown to be associated with higher risk to develop T2D and CVD in humans. 5, 8 Despite no solid evidence by randomized controlled trials, human studies support a role for physical activity per se, independent of its effect on body composition, in improving metabolic complications and reducing the risk of T2D. 9, 10 Cardiorespiratory fitness is also related to reduced risk of these diseases and, similar to that of physical activity, its effect may be independent of obesity. 11 Obese but fit individuals were shown to have a lower T2D, CVD and allcause mortality than normal-weight individuals with lower fitness level. 12, 13 However, the independent contribution of the level of physical activity and cardiorespiratory fitness to the metabolic risk is unclear.
The protective role of physical activity from obesityassociated metabolic complications appears to be related, at least in part, to its effects on subclinical inflammation. Active subjects have lower levels of WBCs and interleukin-6 (IL-6) than sedentary individuals. [14] [15] [16] [17] [18] On the other hand, CRP, which is the most clinically studied inflammatory marker in relation to T2D and CVD, has been shown to have an inconsistent relationship with physical activity, 14, 15, [17] [18] [19] [20] which is likely related to subjective self-reporting of physical activity habits. Most studies measure physical activity by questionnaires that assess self-reporting of habitual exercise such as aerobic exercise, running, swimming and bicycling. 9, [12] [13] [14] [15] [17] [18] [19] [20] Moreover, little is known about the relationship between physical activity and sTNFR1, orosomucoid or haptoglobin, which are also shown to predict the development of metabolic diseases such as T2D and CVD. 5, 8, 21 It is noted that high cardiorespiratory fitness level is also related to reduced levels of inflammatory markers such as CRP and WBCs. 22 Total energy expenditure (TEE) is composed of physical activity energy expenditure (PAEE), resting energy expenditure (REE; accounting for B70% of the total) and thermogenic effect of food (accounting for B10%). 23 Although evidence suggests a positive association between REE with serum CRP and IL-6, the subjects examined were with chronic obstructive pulmonary disease, rheumatoid arthritis or kidney failure, [24] [25] [26] and thus, a relationship of inflammation with REE independent of the disease state cannot be determined. One study has found a positive association between REE and IL-6 in healthy Asian Indian men, but not women. 27 On the other hand, the relationship between TEE and inflammatory markers has never been examined. Therefore, the objectives of this study were twofold. First, we sought to examine the association between PAEE, measured with doubly labeled water (DLW), and sTNFR1, IL-6, CRP, orosomucoid, haptoglobin and WBCs. Second, we investigated the concomitant association of all components of energy expenditure, TEE, PAEE and REE, as well as cardiovascular fitness with inflammatory markers. This was carried out in a population of free-living sedentary overweight and obese postmenopausal women (n ¼ 152) who were free of any known chronic disease. Our hypothesis was that PAEE is negatively associated with the above mentioned inflammatory markers independent of other components of energy expenditure and cardiovascular fitness.
Subjects and methods

Subjects
The study population examined in this analysis was pooled from two hypocaloric-dietary intervention studies in similar populations of non-diabetic overweight and obese postmenopausal women who were examined by our research team from 2003-2007: the Montreal-Ottawa New Emerging Team (MONET) Study (N ¼ 137) and the Complications Associated with Obesity (CAO) Study (N ¼ 37). Of the 174 subjects recruited in these two studies, 152 subjects (80.3% from the MONET Study and 19.7% from the CAO Study) had a complete set of baseline data for all components of energy expenditure and were thus included in this analysis. Both studies were approved by the Université de Montréal ethics committee and all subjects gave written informed consent before the study started.
The postmenopausal women were included in the two studies if they (1) were overweight or obese with body mass index (BMI) X27 kg m À2 , 28 (2) aged between 46 and 70 years, (3) had biological confirmation of the menopause status (cessation of menstruation for more than 1 year and plasma follicle-stimulating hormone X30 U l
À1
), (4) were not taking hormone replacement therapy, (5) were non-smokers, and (6) were sedentary with o2 h per week of structured exercise. On physical examination and biological testing, all participants had no (1) ), (7) use of drugs or medications to stimulate weight loss, psychoactive drugs and adrenergic agonists by any route, (8) body weight fluctuation in the last 3 months (9) known history of inflammatory disease as well as cancer. One month before data collection, weight stability ( ± 2 kg) was verified by monitoring body weight for each subject on a weekly basis.
Body composition
Standing height was measured to the nearest 0.1 cm with a wall stadiometer (Perspective Enterprises, Portage, MI, USA) following standard techniques while the subjects were in light clothes. Body weight, total lean body mass and fat mass and percent of body fat were measured by dual-energy X-ray absorptiometry with a LUNAR Prodigy system (software version 6.10.019; General Electric Lunar Corporation, Madison, WI, USA), which was calibrated daily by a standardized calibration procedure. Scanning accuracy was determined in 20 subjects using test-retest analyses. Resting energy expenditure REE was measured after a 12-h fast by indirect calorimetry, as previously described. 30 Carbon dioxide and oxygen
were measured with a SensorMedics Delta Track II (Datex-Ohmeda, Helsinki, Finland) with a ventilated hood technique. Measurements were performed while the subject was lying in a supine position over a period of 40 min. The first 10 min were considered as an acclimatization period and data from the last 30 min were used for analyses. The calorimeter gas analyzers were calibrated before every measurement for pressure and gas concentrations. In our laboratory, the intraclass correlation coefficient (2-factor random effect) for REE determined by using a test-retest condition in 19 different subjects was 0.92 (Po0.001).
Total energy expenditure Daily energy expenditure was determined from DLW over a 10-day period, as previously described. 30 Briefly, the DLW O dose and equilibration in the body (post-dose samples 1 and 2), and two more samples collected 10 days later (post-dose samples 3 and 4). There was a minimum of 30 min and a maximum of 4 h between post-dose samples 1 and 2 and between samples 3 and 4. All samples were measured in triplicate for 18 O-water and for 2 H-water. An isoprime stable isotope ratio mass spectrometer connected to a MultiflowBio module for Isoprime and a Gilson 222XL Autosampler (GV Instruments, Manchester, UK) were used for daily energy expenditure measurements. Data processing was performed with MassLynx 3.6 software (Waters Corp, Milford, MA, USA). Stability tests were performed each day before testing, which yielded a standard deviation of 0.026% for deuterium and 0.004% for 18 ) was considered to be the highest value obtained during the test. Expired gas was analyzed during the exercise protocol using an Ergocard (software version 6; MediSoft, Dinant, Belgium) cardiopulmonary exercise test station. Standard 12-lead electrocardiograms were performed at the end of every 2-min stage. Three of the following criteria were required for a successful peak VO 2 test: a respiratory exchange ratio above 1.1; heart rate within 10 b.p.m. of the maximal predicted heart rate value (220Fage); volitional cessation of exercise by the subject and a plateau in oxygen consumption for 60 s.
Blood analysis
Fasting plasma cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides and glucose were analyzed on the Cobas Integra 400 (Roche Diagnostic, Montreal, QC, Canada). Low-density lipoprotein (LDL) cholesterol was calculated according to the Friedewald equation. 34 Fasting insulin levels were determined by radioimmunoassay specific for human insulin (Linco Research, St Charles, MO, USA). Apolipoproteins A1 (apoA1) and B (apoB) were assessed by immunonephelometry on an Image analyzer (BeckmanCoulter, Villepinte, France). As within a triglyceride concentration up to 13 mmol l
À1
, more than 90% of total apoB is bound to LDL particle, the size of LDL particles was estimated by calculating the LDL-C/apoB ratio. 35, 36 Serum high-sensitive CRP (hsCRP), orosomucoid and haptoglobin were assessed by immunonephelometry on an Image analyzer (Beckman-Coulter). Eight women with hsCRP 410 mg l À1 were excluded from the analysis in this study because such an elevated hsCRP suggests acute inflammatory response. 37 Serum TNFR1 (n ¼ 119) and IL-6 were measured using standard and high sensitivity commercial ELISA kits, respectively (Quantikine, Minneapolis, MN, USA). Serum WBC count was assessed in an automated cell counter using an A C KT 5diff AL analyzer (Beckman-Coulter, Fullerton, CA, USA). Serum leptin was measured using commercial human radioimmunoassay kits (Linco Research).
Statistical analysis
All data are presented as the mean (95% confidence intervals (95% CI)). Correlations between inflammatory makers and components of energy expenditure and cardiorespiratory Association of inflammation and energy expenditure M-E Lavoie et al fitness were examined using Pearson product-moment analysis. To further examine the association between inflammatory markers and different levels of PAEE, subjects were divided into tertiles of PAEE. Differences in anthropometric and metabolic variables among tertiles of PAEE were assessed using a univariate general linear model with and without adjustment for fat mass and leptin. Predictors of inflammatory markers were analyzed using stepwise forward regression analysis with adjustment for fat mass or BMI (for clinical relevance) and with or without the addition of leptin as an independent variable. All the regression models presented passed the equal variance test. All statistical analyses were performed using SPSS version 17.0 software and significance was set at Po0.05.
Results
As shown in Table 1 , the mean age and BMI of our population were 57.5 years and 32.5 kg m
À2
, respectively. Subjects had normal mean glycemia, insulinemia, and LDL and HDL cholesterol at baseline.
Relationship between PAEE with inflammatory markers
In the whole cohort, soluble TNFR1 was positively associated with TEE, REE and VO 2 peak, as shown in Figure 1 . Highsensitive CRP and orosomucoid were also positively associated with REE and haptoglobin was negatively associated with PAEE. IL-6 and WBCs were not associated with any component of energy expenditure or cardiorespiratory fitness (P40.05). Moreover, IL-6 was positively associated with weight (r ¼ 0. To examine the association between inflammatory markers with different levels of PAEE, we divided our cohort of 152 postmenopausal overweight and obese women into tertiles of PAEE (low, intermediate and high). As presented in Table 1 , there was a significant difference in body weight and fat mass among the PAEE tertiles, reaching significance between the highest versus the lowest tertile of PAEE (Po0.05). Of interest however, women with the high level of PAEE had significantly lower serum triglycerides (P ¼ 0.001) and apoB (P ¼ 0.001) and higher LDL-C/apoB ratio (estimated LDL particle size) (Po0.001) compared with the women with low PAEE (Table 2) .
Given the differences in body composition among the PAEE tertiles, and the known associations of inflammatory markers with adiposity, 2 we examined the differences in components of energy expenditure, cardiorespiratory fitness and inflammatory markers among the PAEE tertiles after adjusting for fat mass. As presented in Table 3 , there was no difference in REE between the tertiles, which resulted in increasing TEE with increasing levels of PAEE (Po0.001). There was no difference in cardiorespiratory fitness (VO 2 peak) among the PAEE tertiles (P40.05) after adjustment for fat mass. However, women with higher levels of PAEE had significantly lower concentrations of hsCRP and haptoglobin than the lowest tertile of PAEE (hsCRP: À21.5%, Po0.05 and haptoglobin: À20.3%, Po0.01). There was no difference in orosomucoid, IL-6, WBC and sTNFR1 levels among the tertiles. Of note for clinical relevance, adjusting for BMI instead of fat mass resulted in similar relationships between PAEE and inflammatory markers (data not shown). Moreover, further adjustment for leptin revealed similar relationship between PAEE and inflammatory markers (results not shown). 
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Relationship between components of energy expenditure and cardiorespiratory fitness with inflammatory markers To examine the independent contribution of all components of energy expenditure (TEE, REE, PAEE) and cardiorespiratory fitness (VO 2 peak) to the interindividual variations in the concentrations of inflammatory markers in our population, we analyzed the data by stepwise forward regression analysis (Table 4) . As adipose tissue depots were strong correlates of the inflammatory markers in our population, particularly for IL-6, sTNFR1 and hsCRP, all regression models were corrected for fat mass. As presented in Table 4 , even when other components of energy expenditure were considered, PAEE remained the strongest correlate to hsCRP and haptoglobin independent of fat mass (explaining a total of 14 and 5%, Association of inflammation and energy expenditure M-E Lavoie et al respectively, of the variance). REE remained associated with orosomucoid independent of fat mass (explaining a total of 5% of the variance). Correction for fat mass eliminated the association between sTNFR1 and components of energy expenditure. Using this regression model, the only predictor of sTNFR1 as well as IL-6 in our population was fat mass, whereas none of the independent variables included in the model predicted WBCs. It is noted that correction of the regression models for BMI instead of fat mass, for clinical relevance, revealed similar relationship between components of energy expenditure and cardiorespiratory fitness with inflammatory markers (data not shown).
To determine the possible effect of leptin on the relationship between PAEE and inflammatory markers, leptin was added as an independent variable in the regression models. The relationship between components of energy expenditure and cardiorespiratory fitness with inflammatory markers was similar after the addition of leptin (results not shown).
Discussion
The novelty of this study is that we investigated in a freeliving environment (1) the association between PAEE with inflammatory markers in overweight and obese sedentary but otherwise healthy women, and (2) the concomitant relationships between all components of energy expenditure (TEE, REE and PAEE) and cardiorespiratory fitness with inflammatory markers in this population. We report here that higher PAEE is a predictor of lower concentrations of Association of inflammation and energy expenditure M-E Lavoie et al CRP and haptoglobin, whereas REE is a predictor of orosomucoid, independent of fat mass or BMI and leptin. Most cross-sectional studies examining the relationship between physical activity and inflammation compared active subjects with sedentary subjects. 15, 17, 19 Novel data in our population suggest that even in a sedentary but otherwise healthy obese population, higher PAEE is associated with reduced systemic inflammation (CRP and haptoglobin). The negative association between PAEE with CRP and WBC were previously reported in a cohort of more than 1400 elderly individuals 18 or in active individuals. 14, 17 Although our study is in agreement with previous ones in regard to the association of PAEE with CRP, differences in sample size, level of physical activity or methods used to assess PAEE may have resulted in different outcomes in regard to WBC. It should be particularly noted here that our study used gold standard techniques of DLW combined with indirect calorimetry to assess PAEE. On the other hand, other studies assessed leisure time physical activity by questionnaires, which have been shown to under-or overestimate PAEE by up to 60% compared with the DLW technique. 38 IL-6 is the major cytokine regulating the hepatic production of CRP and haptoglobin 39 and is mainly produced by adipose tissue. 40 Several studies have shown that active subjects have lower levels of IL-6 than sedentary individuals. [14] [15] [16] However, in our sedentary overweight/obese women, there was no evidence of an effect of PAEE on circulating IL-6 levels even after correction for fat mass. It might be possible that IL-6 is less sensitive to change in energy expenditure than other inflammatory markers such as hsCRP. PAEE can be divided into two components: structured exercise and non-exercise activity thermogenesis. 41 These components were not specifically measured in this study. However, on the basis of the population examined being overweight and obese postmenopausal women, and the specific recruitment criteria for a sedentary lifestyle (less than 2 h per week of structured exercise), one could hypothesize that the PAEE differences reported here may mostly reflect a difference in non-exercise activity thermogenesis (that is occupational and spontaneous physical activity). However, this needs to be verified in further studies. PAEE was negatively associated with serum hsCRP and haptoglobin, independent of cardiorespiratory fitness,which was also not related to inflammatory markers in our population. Similarly, Kraus et al. 42 have shown that the amount of physical activity, but not its intensity or improvement in cardiovascular fitness, was related to favorable changes in lipoprotein profile in sedentary overweight subjects. The finding of Kraus et al., together with our study, suggests that in less fit obese individuals, recurrent doses of low-intensity activity may have metabolic benefit, even if this does not translate into improvements in cardiovascular fitness. Moreover, it suggests that the negative association between PAEE and inflammatory markers in our population may be mediated through the negative and positive association of PAEE with the number and size, respectively, of apoB100-related lipoproteins (Table 1) . This is particularly plausible given our recent publication that showed that the number of apoB100-lipoproteins was the primary predictor of inflammatory markers in overweight and obese postmenopausal women, superior to all lipid levels and independent of adiposity. 28 Moreover, it is well accepted that larger LDL particles are less proinflammatory than smaller denser LDL particles. 43, 44 Energy expenditure may be associated with leptin, 45, 46 which is associated with inflammatory markers. 47, 48 Considering that we investigated the possible effect of leptin on the relationship between energy expenditure and inflammatory markers in our population of sedentary overweight/obese women, leptin was not a predictor of inflammatory markers. Thus, the observed relationship between PAEE and inflammatory markers was independent of leptin and fat mass. Our results are in line with others showing no association between leptin and the acute phase proteins including orosomucoid and CRP after correction for BMI and sex. 47 To our knowledge, this study is also the first to examine the association between components of energy expenditure and subclinical chronic inflammation in a disease-free population. Positive associations between increased REE and other inflammatory markers, such as CRP, IL-6 and TNFa, have been reported in chronically sick patients. 24, 25, 49 In our population free of any known chronic or inflammatory diseases, a positive association was noted, however, between REE and orosomucoid, whose concentration was normal for a population with this age range. 50 This positive association persisted despite correction for BMI or fat mass, but its physiological significance is unclear from this analysis. It is noted that this study has certain limitations. The cross-sectional design of this study does not allow a causeeffect relationship but only an association analysis. Moreover, as previously discussed, the sample size of our study was relatively small when compared with other observational studies, which included up to 5000 subjects. 14, 15, 17, 18 Association of inflammation and energy expenditure M-E Lavoie et al However, it should be also underlined that the strength of our study lies in the use of gold standard and objective techniques to assess TEE, REE and PAEE. This is particularly true when considering the cost and technical demand of the use of DLW technique in a population of 152 women. Moreover, our population included well-characterized postmenopausal women who were, despite their adiposity status, free of any inflammatory or chronic disease.
In conclusion, PAEE is the component of energy expenditure that is most associated with reduced hsCRP and haptoglobin independent of adiposity in sedentary overweight and obese postmenopausal women. Our results suggest that physical activity, even in individuals with low cardiovascular fitness, may reduce subclinical chronic inflammation.
